A ssessment of left atrial (LA) volumes and function as prognostic factors has gained increasing attention in recent years in different areas of cardiovascular research including coronary artery disease, myocardial infarction, heart failure, and arterial hypertension. [1] [2] [3] The left atrium plays a central role in patients with chronic mitral regurgitation (MR) since the regurgitant volume leads to negative LA remodeling and decline in LA function. 4 The
MitraClip technique has the potential to induce LA reverse remodeling and improve LA function by reducing volume overload to the LA. We hypothesize that change in LA function may serve as a strong predictor for clinical outcomes in these patients since it may be associated with prognostically important factors such as residual MR, transmitral gradient, and left ventricular (LV) remodeling. Changes in LA function were analyzed in patients undergoing mitral valve surgery, however, without assessment of outcome prediction. 4, 5 Furthermore, no data regarding LA alterations exist in patients following transcatheter mitral valve repair. The aim of the present study was to assess LA remodeling, its influencing factors, and the prognostic value of LA function in patients undergoing MitraClip implantation.
Methods Population
The data that support the findings of this study are available from the corresponding author upon reasonable request. All consecutive patients with severe MR undergoing transcatheter mitral valve repair with the MitraClip in our institution have been enrolled into the present prospective, open-label, observational study (NCT03488732). Patients were not included in cases of missing written informed consent. Baseline, procedural, and follow-up data were prospectively collected and entered into the internal database. The study was approved by the local ethics committee and performed according to the Declaration of Helsinki.
Echocardiography Assessment
Patients underwent echocardiography (transthoracic and transesophageal) for evaluation of the severity and etiology of MR, ventricular function, and dimensions for conformation of suitability for the MitraClip procedure. MR severity was graded on a 3-stage scale from mild to severe according to current guidelines. 6 LV function was assessed using biplane measures in 2-and 4-chamber view. Right ventricular function was expressed by means of tricuspid annular plane systolic excursion and fractional area change. Mean transmitral gradients were measured using the mitral inflow continuous wave Doppler signal before discharge. As suggested by guidelines, mitral stenosis (MS) was defined on a 3-stage scale from mild to severe according to transmitral mean gradients of <5, 5 to 10, and >10 mm Hg, respectively. For LA volume assessment, area-length calculation was used. The endocardial border of the LA in both apical 4-and 2-chamber view was traced. At the mitral valve level, the contour was closed connecting the 2 opposite points of the mitral annulus. The LA appendage and pulmonary veins were excluded from tracing. The LA length was calculated using the shortest distance between the mitral annular plane and LA roof. Measurements were performed at 2 specific time points during the cardiac cycle: at the end of atrial systole when the minimum LA area was reached before MV closing, and at the end of atrial diastole when the maximum LA area was reached before MV opening. In case of atrial fibrillation, 5 measurements were conducted and the mean value was built afterwards. LA function was calculated as global LA ejection fraction (LAEF) according to the formula: LAEF=(LA enddiastolic volume-LA end-systolic volume)/LA end-diastolic volume.
The population was divided into 2 groups according to the changes in LA function (LA function worsening versus improvement) from baseline to the echocardiography followup performed between 3 and 6 months after the MitraClip procedure.
All echocardiographic examinations were performed according to the guidelines of the American Society of Echocardiography. 7, 8 Procedure and Follow-Up
The preprocedural operative risk was calculated using the logistic EuroSCORE. 9 MitraClip implantation was performed in general anesthesia using fluoroscopy and transesophageal echocardiography for guidance. Procedural details have previously been described in detail. 10 Acute procedural success was defined as implantation of at least 1 MitraClip, residual MR ≤II, and absence from conversion to open heart surgery. Follow-up was performed routinely at 1, 3, 6, and 12 months following implantation and yearly thereafter. If patients were not available for clinical follow-up they were contacted by telephone.
Statistical Analysis
Categorical variables were expressed as numbers and percentages. Continuous variables were expressed as mean with SD or median with quartiles. For comparison between the groups, the chi-square or exact Fisher test were used for categorical variables and the t test or Mann-Whitney-U test for continuous variables. Changes between baseline and follow-up within the respective groups were assessed using paired t test or Wilcoxon test. The Spearman correlation coefficient was used for correlation analysis.
For assessment of clinical outcome, time to death by Kaplan-Meier method was performed. To identify independent predictors for all-cause mortality, Cox regression was performed including all variables, which showed significant differences in the univariate model. All P values were calculated by 2-tailed tests and statistical significance was
Clinical Perspective
What Is New?
• Left atrial function is an important echocardiographic measure since it was found to be an independent predictor for survival following MitraClip procedure.
• Change in left atrial function was influenced by residual mitral stenosis, residual mitral regurgitation, and left ventricular function but had a stronger prognostic value than each of these individual variables.
What Are the Clinical Implications?
• Left atrial function measurement after MitraClip implantation should be included in clinical practice to improve outcome prediction.
• It may help to identify patients at risk with need for increased patient surveillance and to identify those who do not tolerate residual mitral regurgitation and qualify for reintervention.
defined as P<0.05. Analysis was performed by SPSS software, version 22 (SPSS Inc).
Results

Baseline Characteristics
Between August 2015 and March 2018, a total of 103 patients underwent MitraClip implantation at our institution. Of them, 2 patients had an unsuccessful procedure, 6 patients died before the echocardiography follow-up, 5 patients were not available for echocardiography follow-up, and 2 patients were lost to follow-up. Finally, 88 patients were available for the primary analysis. Mean age of the study population was 77AE9 years and mean logistic EuroSCORE was 25AE15. The etiology of MR was functional in the majority of the population (93%). No relevant differences in baseline characteristics were observed in patients with available echocardiography followup compared with those without follow-up.
LA Remodeling
After a mean echocardiography follow-up of 4.9AE2.8 months following MitraClip implantation, LAEF increased from 23% (10-32%) to 30% (18-39%) in the overall study population. Furthermore, significant reductions in LA end-diastolic and end-systolic volumes were observed ( Figure 1A -C). A total of 37 patients (42% of the study population) experienced a decline in LAEF. These patients also showed an increase in LA volumes in contrast to patients with improved LAEF ( Figure 1D-I) . Except for the presence of peripheral artery disease, no differences in baseline clinical characteristics were detected between both groups (Table 1) . Regarding baseline echocardiographic parameters, patients with worsened LAEF were characterized by higher LAEF and a higher prevalence of tricuspid regurgitation grade ≥2 (Table 2) .
Factors Associated With Changes in LA Function
Residual transmitral mean gradients did not show a meaningful linear correlation with changes in LAEF (r=À0.1; P=0.79). However, the correlation analysis of LAEF dependent on transmitral gradients showed a distinct distribution pattern identifying clusters of LAEF in the upper left quadrant (improved LAEF and transmitral gradient <5 mm Hg) and lower right quadrant (worsened LAEF and transmitral gradient ≥5 mm Hg) ( Figure S1 ). Correspondingly, a favorable change in LAEF was observed in patients with transmitral mean gradients <5 mm Hg (Figure 2A) . Furthermore, improved LAEF was detected among patients who presented with residual MR grade <II after MitraClip implantation ( Figure 2B ).
LAEF was found to significantly correlate with LV ejection fraction (Figure 3) . Patients who presented with LAEF improvement also showed significantly increased LV ejection fraction (Table 3) . Among right-sided cardiac parameters, LAEF worsening was associated with a decline in tricuspid annular plane systolic excursion (Table 3) .
Clinical Outcome
Mean follow-up duration was 10AE7 months with a maximum follow-up of 29 months. Patients with worsened LAEF showed significantly higher all-cause mortality compared with patients with improved LAEF (Figure 4) . The remaining heart failure symptoms as assessed by New York Heart Association class were more severe in patients with declined LAEF ( Figure S2 ).
Besides female sex and renal function, Cox regression analysis showed changes in LAEF to be an independent predictor for all-cause mortality (Table 4) . Transmitral gradient, residual MR, and changes in LV ejection fraction were not independently associated with mortality. Baseline LAEF was associated with all-cause mortality in univariate analysis (hazard ratio, 0.96; 95% CI, 0.93-0.99). However, after adjustment for age, sex, EuroSCORE, renal function, and change in LAEF, no statistical significance was reached (hazard ratio, 0.98; 95% CI, 0.91-1.05).
Discussion
The major findings of the present study include: (1) approximately 60% of patients experienced an improvement in LAEF after 3 to 6 months following MitraClip implantation; (2) patients with worsened LAEF showed increased all-cause mortality and more severe heart failure symptoms during follow-up; and (3) change in LAEF proved to be an independent predictor for all-cause mortality.
The aim of the present study was the identification of an echocardiographic marker that combines several other already known risk factors to facilitate and improve risk prediction by expressing them in 1 parameter. The study shows for the first time a deeper analysis of LA remodeling patterns including global LA systolic function and its prognostic value in patients undergoing MitraClip implantation.
Reduction of MR, either surgically or percutaneously, leads to a reduction in LA volumes. 4, [11] [12] [13] However, global LAEF was studied only in patients undergoing mitral valve surgery showing conflicting results with respect to LAEF restoration. 4, 5 The reason the study by Le Bihan et al 4 did not show improvements in global LA function in contrast to that by Marsan et al 5 is most probably the short follow-up of 30 days, compared with 6 months in the latter. Similar to our analysis, this time is needed to observe a relevant remodeling process. For patients with MitraClip implantation, LA function was only assessed using LA strain analyses. Again, these studies report inconsistent changes associated with LA contractility after the procedure. [12] [13] [14] This may be reasoned by focusing on contractility analysis, which only mirrors intrinsic LA pump function instead of the entirety of passive conduit function plus active booster pump. So far, the most important variable that determines outcome in patients undergoing MitraClip implantation is residual MR after the procedure. Even moderate MR after the procedure is associated with increased mortality, 15, 16 particularly in certain subgroups such as patients with impaired LV function. 16 Residual MR is also discussed as MR ≥2 in COAPT after 1 year. 17, 18 A subanalysis of EVEREST (Endovascular Valve Edge-to-Edge Repair Study) revealed a strong correlation of the extent of LA volume reduction with the severity of residual MR. 11 This result suggests the incremental impact of residual MR on LA remodeling. The present analysis showed that the grade of residual MR is not only associated with reverse LA remodeling but also change in LAEF. From a pathophysiological point of view, both direct volume overload by MR to the left atrium and sustained elevated end-diastolic LV pressure in the presence of higher degrees of residual MR may explain the lack of LA function improvement. The fact that baseline LAEF was significantly impaired in patients with improved LAEF contradicts the hypothesis of irreversible LA damage before the procedure such as deteriorated contractility or interstitial fibrosis of the left atrium. Another major factor after MitraClip implantation is the transmitral gradient created by impaired mitral valve opening. We were able to show that patients with transmitral mean gradient ≥5 mm Hg declined with respect to their LAEF. The increased afterload caused by moderate MS most probably leads to deterioration of LAEF in an already enlarged and stressed left atrium after longer-lasting MR. The relationship of LAEF with transmitral gradient was not evaluated in other reports regarding LA assessment following MitraClip implantation. [12] [13] [14] The abrupt change of the LA hemodynamic status from elevated preload caused by MR to elevated afterload caused by iatrogenic MS by MitraClip implantation has a major impact on clinical outcome as indicated by the study by Neuss et al, 19 which showed increased mortality in patients with transmitral mean gradient >5 mm Hg. Conflicting results exist regarding the ratio of residual MR and MS. While Neuss et al reported slightly better outcomes in patients with moderate MR compared with those with mild or no MR and transmitral mean gradient >5 mm Hg, 19 Cheng et al showed the opposite. 16 Because of the limited number of patients with more than mild residual MR (n=10), we were not able to accurately evaluate the impact of the MR/MS relationship on LAEF changes. However, our analysis indicates that there is a subset of patients who are not able to tolerate higher degrees of residual MR or MS, which can be identified by worsening LAEF. Despite the lack of information regarding postprocedural transmitral gradient in MITRA-HF, this implantationrelated factor might be another reason for the negative result in that trial. 17 The third important aspect in LAEF assessment is the association with LV function. Previous trials revealed LAEF to be associated with LV ejection fraction. 20 This is explained by increased LV filling pressures caused by a noncompliant left ventricle and results in negative LA remodeling and decline in LA function. 20, 21 Our study also demonstrates that changes of LA function are dependent on changes in LV function after correction of MR. However, the causal relationship in the interplay between the left atrium and the left ventricle is difficult to interpret. Other than the influence of LV compliance on LAEF, LAEF itself has an impact on LV function by determining LV preload. Furthermore, impaired LAEF may also lead to backward transmission of elevated filling pressure to the right side of the heart and cause right ventricular deterioration, as shown by reductions in tricuspid annular plane systolic excursion in the group with decreased LAEF in our analysis.
Study Limitations
Several limitations need to be reported. First, the study population size is limited and, hence, the statistical analysis may be of limited robustness. Second, LA volumes and function were calculated using the area-length method. Although this method is validated, other modalities for volume and function assessment such as 3-dimensional analysis of data sets from echocardiography, cardiac computed tomography, or cardiac magnetic resonance imaging offer more accurate measurements. It is known that 2-dimensional echocardiography underestimate LA volumes compared with these 3-dimensional methods. 7 Furthermore, deformation analysis using speckle tracking might have added further information for LA functional assessment. Third, passive conduit or active booster pump function were not assessed for the left atrium. However, global LAEF better summarizes different structural and hemodynamic changes after MitraClip implantation and may therefore predict outcome more precisely.
Conclusions
The majority of patients undergoing MitraClip implantation show improvements with respect to LA function. Decline in LAEF was associated with residual MR, transmitral gradient, and changes in LV function. Most importantly, LAEF change was found to be an independent predictor for all-cause mortality. Therefore, including measures of LA function after MitraClip implantation may improve outcome prediction, enhance patient surveillance in patients at increased risk, and identify those who do not tolerate residual MR and qualify for reintervention.
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